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As a crucial ingredient for quantum information tasks, non-entanglement-breaking (non-EB) chan-
nels can maintain entanglement for distributing and storing quantum states. Previous methods
to test non-EB channels either require an unjustified assumption of fully trusted measurements,
or verify correlations inequivalent to entanglement. Here, we demonstrate a measurement-device-
independent certification of non-EB channels based on an improved semi-quantum signaling game,
which is robust against loss and detection errors. By using realistic sources and considering flawed
state preparation, non-EB regions of decoherence channels and noise channels are unveiled. The
results show feasibility of certifying non-EB channels without entangled sources, and can be applied
to benchmark functions of practical quantum devices.
Entanglement, one of the most intriguing phenomena of quantum theory, has been proven a fundamental resource
for state-of-the-art quantum technologies [1–4]. Among them, numerous quantum information tasks have shown
better performance than their classical counterparts, when the entanglement between quantum states for the corre-
sponding quantum process is maintained [5–8]. Notably, effective entanglement distribution is a crucial precondition
for unconditional security in quantum cryptography [5, 6] while persisting entanglement over computation time is
necessary for the speed-up of quantum computing [7].
Such processes require at least the participating channel is non-entanglement-breaking (non-EB), i.e., the channel
guarantees non-vanishing entanglement when a party of an entangled pair transmits through it [9]. In contrast, the
EB channel corresponds to a measure-and-prepare process, which destroys the coherence of the state and is unable
to preserve quantum information [10]. To reveal quantum advantages based on entanglement, it is important to
witness that the participating channel is indeed non-EB. This certification is not only fundamentally interesting,
but also provides a basic tool in examining the channel’s ability to accomplish quantum information tasks.
The intuitive way to certify a non-EB channel is to send one party of an entangled pair through the channel and
measure the output bipartite state using a loophole-free Bell test [11–13] or an entanglement witness [1, 2, 14, 15].
Although Bell tests do not assume prior knowledge of experimental devices, they verify a different resource from
entanglement, i.e., non-locality [16]. Meanwhile, entanglement witnesses have been proven unrobust to measure-
ments without additional sources [17–20]. An alternative method is to perform quantum process tomography, which
enables one to determine the exact process of a quantum channel [21–24]. However, imperfect detection devices
may cause reconstruction of nonphysical states [25], which leads to wrong characterizations of the channel. Also,
in an adversarial situation, this may even lead to security loopholes [26–29].
Recently, a viable solution to these problems was proposed, where a non-EB channel can be witnessed in the
measurement-device-independent (MDI) scenario [30]. By playing a semi-quantum signaling game (SQSG), the
non-EB channel is proven as a necessary resource to win (see Fig. 1). In this game, only perfect state preparation
is assumed, while the measurement device can be completely uncharacterized. Consequently, effects from detection
errors and side-channels can be eliminated, making the certification completely robust to measurement imperfec-
tions. Moreover, this MDI approach is loss-insensitive, and is compatible with arbitrarily low detection efficiencies.
Furthermore, as no entanglement source and few measurement settings are required, the experimental overheads
can be reduced. In this sense, non-EB channels can in principle be certified with minimal assumptions. Still, a
faithful and complete demonstration of the MDI certification for non-EB channels is lacking.
In this Letter, we experimentally demonstrate an MDI certification of quantum channels based on an improved
SQSG. Considering the non-ideal source with imperfect state preparation, we extend the SQSG to a practical
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FIG. 1. Schematics of the semi-quantum signaling game [30]. The referee first asks a random quantum question ξx to
the player Abby, who inputs ξx to an unknown channel to be certified. Later, the referee randomly asks another quantum
question ψy. Then, Abby feeds the channel output and ψy into an untrusted measurement device, which yields an answer
b. Finally, based on ξx, ψy, and b, the referee calculates an average payoff, and Abby wins the game if it is larger than 0.
RNG: random number generator.
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FIG. 2. Experimental setup of MDI certification for non-EB channels. DFB: distributed feedback laser; IM: intensity
modulator; AMZI: asymmetric Mach-Zehnder interferometer; BS: beam splitter; CIR: circulator; PS: phase shifter; PM: phase
modulator; FR: fiber reflector; EVOA: electronic variable optical attenuator; DWDM: dense wavelength-division multiplexer;
SPD: InGaAs gated single photon detector; CW: continuous wave laser source; DET0 and DET1: superconducting nanowire
single photon detectors. All fibers used are polarization maintaining fibers.
scenario and give an experimental bound for all EB channels. The certification of the non-EB decoherence channel
is observed as a violation of this bound, even when the channel destroys 90% of the state coherence. We further
investigate the noise channel and examine the existence of non-EB channel as a precondition for secure key generation
in quantum cryptography.
The experimental setup, as shown in Fig. 2a, is composed of two main portions–a referee and a player Abby.
The referee randomly asks quantum questions, i.e. sending quantum states, to Abby by randomly preparing
states of ξx and ψy using time-bin and phase encoding [31] with two identical preparation modules. Specifically,
for Z basis, {|0〉Z , |1〉Z} are encoded in the first and second time-bin, respectively, while for X and Y , bases{|0〉X , |1〉X , |0〉Y , |1〉Y } are encoded in the relative phase as {0, pi, pi/2, 3pi/2} between the two time-bins, respec-
tively.
The optical signals are sent from DFB1 (DFB2) at wavelength of 1550.12 nm with 37.5 MHz repetition rate.
By using an IM, the optical pulses are narrowed to 2.5 ns at FWHM. The time-bins are created using an AMZI
that separates the pulses at 6.5 ns, and the basis information of Z or X (Y ) is chosen with the following IM. For
phase encoding, by using the FR, the optical pulses travel through the PM twice for lower modulation voltage.
In addition, another IM is used to adjust the intensity difference between pulses of Z and X (Y ) bases. All IMs
3and PMs for preparing ξx and ψy are controlled by independent random numbers. The pulses are lowered down to
single photon level with an EVOA, and are filtered with a 100 GHz DWDM for spectral noise.
To perform the MDI certification, the referee first generates a pulse of ξx. Abby receives ξx and input it to the
unknown channel N , which outputs N (ξx). Then, the referee generates a second pulse of ψy. Based on an untrusted
measurement implemented with the partial Bell-state measurements (BSM), Abby replies with an answer b. The
BSM is composed of a BS and two superconducting nanowire single photon detectors (SNSPD). When coincidence
counts occur at two alternative time bins of Det0 and Det1, projection on the singlet state |Ψ−〉 = (|01〉 − |10〉) /√2
is selected, which Abby labels b = 0. Otherwise, b = 1. To compensate the difference in arrival time to the BSM for
pulses N (ξx) and ψy, DFB1 and DFB2 alternatively send pulses to the SNSPDs, where an arrival time difference
is calculated. By adjusting the pulse delays with a programmable delay chip, N (ξx) and ψy pulses are precisely
overlapped at the BS. The detection efficiency is 27% and the dark count rate is 50 counts per second for each
detector. The effective time window is set to ∼ 85%, which is an optimal trade-off between effective coincidence
count rates and eliminating imperfect phase encodings at the pulse edges of X and Y basis.
Based on states ξx and ψy, as well as b, the referee assigns a payoff function ℘ (b, x, y) to Abby to indicate how
much she will earn or lose. We denote PN (b|ξx, ψy) as the probability for Abby to reply b by jointly measuring
N (ξx) and ψy. The average payoff is written as
IN =
∑
x,y,b
℘(b, x, y)PN (b|ξx, ψy) . (1)
For every non-EB channel, there always exists a specific SQSG, such that Abby can obtain a positive average
payoff, while INEB 6 0 for all EB channels NEB [30]. The identity channel yields the largest average payoff, which
corresponds to 0.5. The specific SQSG for this experiment is expressed and discussed in the Appendix [32].
However, this ideal bound 0 holds only when quantum questions are perfectly prepared. In practice, preparations
of ξx and ψy are in general flawed with realistic devices, and the bound may become a different value. To avoid
falsely witnessing non-EB channels, a correction to the ideal bound is necessary. Here, based on the assumption
that the referee has full knowledge of states ξx and ψy, an experimental bound can be derived as
CEB = maxNEB
∑
x,y,b
℘(b, x, y)PNEB (b|ξx, ψy) , (2)
where the maximization is taken over all EB channels. Thus, the inequality IL > CEB guarantees the non-EB
property of the tested channel. In our experiment, the ideal bound 0 for all EB channels is increased to 0.047 (more
details of the experimental bound are shown in [32]).
Furthermore, the average payoff Eq. (1) holds strictly when pulses of ξx and ψy are implemented with ideal
single photons. As phase-randomized weak coherent pulses (WCPs) are used in the experiment, pulses of ξx and ψy
contain large portions of vacuum and multiphoton emissions. We use the decoy-state method [33–35] to evaluate
the probability of single-photon detection events, denoted as Y 11b,ξx,ψy instead of PN (b|ξx, ψy). By sending pulses of
ξx and ψy with different intensities, Y
11
b,ξx,ψy
can be lower and upper bounded as Y 11,Lb,ξx,ψy and Y
11,U
b,ξx,ψy
, respectively.
IL =
∑
b,x,y
℘ (b, x, y)Y
1,1,L/U
b,ξx,ψy
, (3)
where Y 11,Lξx,ψy or Y
11,U
ξx,ψy
are taken in according to the sign of ℘(b, x, y). In the experiment, the decoy intensities are
modulated with an IM to implement the signal, decoy and vacuum states with mean photon number per pulse of
0.03, 0.02, and 0, respectively for both ξx and ψy. We leave the calculation of IL in the Supplemental Material [32].
As a demonstration of our approach, we test the decoherence channel, which arguably characterizes the most
typical process in the quantum memory. After transmission, the coherence of the state is suppressed and the
information of the system is lost [10]. With the all-fiber system, the decoherence channel is implemented with a
Sagnac interferometer, as shown in Fig. 2b and discussed in [32]. This process can be described as
Dγ(ρ) = (1− γ)ρ+ γ(|0〉〈0|Zρ00 + |1〉〈1|Zρ11), (4)
with ρ00 = 〈0|ρ|0〉Z and ρ11 = 〈1|ρ|1〉Z . The coherence in Dγ(ρ) is suppressed when γ increases, and Dγ becomes
EB if and only if γ = 1.
As shown in Fig. 3, the results IL lower bounds the green line of I, which shows good accordance between
experimental results and theoretical predictions. For γ ∈ {0, 0.1, 0.3, 0.6}, the corresponding IL are all larger
than the experimental bound, indicating their non-EB characteristic. For 0.9 ≤ γ < 1, subtle violation of the
experimental bound is observed considering statistical fluctuations. Nevertheless, such non-EB channels preserve
very weak entanglement (or coherence) and may be of little use in practice. For γ = 1, IL does not violate the
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FIG. 3. Performance of the MDI certification for the decoherence channel. The red dots are values of IL based on the
decoy-state method, with black bars referring to statistical fluctuations of 1 standard deviation. The green dash-dot line
represents the theoretical I considering detection efficiency and state preparation imperfections, and the solid line represents
the experimental bound. The blue triangles are values of I obtained with WCPs directly.
experimental bound, which is in accordance with the theory that the fully decoherence channel is EB. This positive
value of IL shows the practical value of the experimental bound, when compared with the ideal bound 0.
In addition, we compare the MDI certification using WCPs with and without the decoy-state method. As shown
in Fig. 3, when only WCPs are used, channels of γ ∈ {0, 0.1} can be certified, while those of γ ∈ {0.3, 0.6, 0.9, 1}
is unknown. This is mainly because multiphoton detection events, which are mostly two-photon emissions, cannot
be excluded efficiently with WCPs only. In some cases, these multiphoton pulses may open security loopholes such
that an adversary can obtain the encoding information [36], which may even lead to a fake violation. By using the
decoy-state method, vacuum and multiphoton detection events can be eliminated, and the conditioned probability of
single photon detection events can be obtained. The compatibility of the decoy-state WCPs with MDI certification
is thus shown with practicality.
As another application of our approach to investigate realistic channels, we further test another typical quantum
channel, where extra noise states are combined with the original input. Such channels, termed noise channel here,
frequently appear in practice. For instance, when co-existing quantum key distribution (QKD) with classical com-
munications in a single fiber using wavelength-division multiplexing, the Raman scattering noise photons generated
by classical signals are unavoidably mixed with the quantum pulses, thus reducing the secure key rate [37–39]. Here,
we implement such a channel by combining extra photons from a CW source with the ξx pulses (as shown in Fig
2c). We refer to the ratio of CW intensity to ξx pulse intensity per second, denoted by β, as the strength of noise.
As shown in Fig. 4, the noise channel is certified non-EB when β is less than 0.35. When β > 0.35, under present
settings, the non-EB property is unknown. Additionally, when ξx is completely replaced by noise photons, i.e.,
when the information of input states ξx is completely lost, the value IL is −0.43 (not drawn in Fig. 4). To gain
a better understanding of the link between our approach and other quantum information tasks, we simulate the
secure key rate of MDI-QKD for each β [40], with the calculation shown in the Appendix [32]. Interestingly, the
simulation for secure key rate drops to zero before the channel transitions from non-EB to unknown. This suggests
that while the channel may still be non-EB, the correlation has been fatally weakened such that a secure key can
not be extracted in the current setting. Thus, we observe that the existence of non-EB channel is a precondition
for establishing secure keys [6]. Additionally, such results indicate the potential application of our approach to test
the feasibility of QKD on specific quantum channels, instead of implementing QKD protocols directly.
In summary, we have demonstrated an experimental MDI certification of non-EB channels in an all fiber system.
We have generalized the SQSG to realistic experimental settings, and provided an experimental bound based on full
characterization of the source. We further avoid false certification by excluding multiphoton contributions from the
WCPs using the decoy-state method. Our approach is then explicitly tested in two typical quantum channels. The
violation of experimental bound is observed in the decoherence channel, showing a good accordance with theoretical
predictions. Moreover, we have studied the noise channel by exploring the link between the non-EB property and
secure key generation of MDI-QKD.
We remark that the decoy-state method can be used for sources other than WCPs. Also, the SQSG with practical
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FIG. 4. Performance of the MDI certification for the noise channel. The red dots are values IL, with black bars referring
to the statistical fluctuations of 1 standard deviation. The solid line represents the experimental bound. For the secure key
rate R, the blue diamonds are key rates based on the experimental data, while the blue dotted line represents the simulated
key rate with our experimental parameters. When R < 0, no secure keys are generated.
state preparations, as discussed in this work, can be extended beyond optical fiber systems. Thus, our approach can
be further adapted to certify the functions of realistic quantum devices such as quantum memories and quantum
gates, and is a step forward in bridging the gap between theory and practice for justifying quantum advantages of
novel quantum technologies.
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Appendix A: The MDI certification of non-EB channels
In this section, we discuss the measurement-device-independent (MDI) certification of non-entanglement-breaking
(non-EB) channels based on the semi-quantum signaling game (SQSG), and then extend the theory to the realistic
settings by tackling imperfect state preparation and multi-photon emissions from the source.
1. The SQSG
The SQSG offers an operational method to distinguish a non-EB channel from all EB ones, as proven in Rosset,
Buscemi, and Liang’s seminal paper [30]. In this game (see Fig. 1 in the main text), the referee first randomly asks
a quantum question, i.e., sending a quantum state ξx, to the player Abby, who has the unknown channel N to be
tested. Abby inputs ξx to N and obtain an output state N (ξx). Then, the referee randomly asks another quantum
question ψy. Using an untrusted measurement device, Abby replies with an answer b.
The payoff function, denoted by ℘(b, x, y), describes how much Abby will earn or lose with answer b given questions
ξx and ψy. After the game, the average payoff is announced by the referee and written as
IN =
∑
x,y,b
℘(b, x, y)PN (b|ξx, ψy) , (A1)
6where PN (b|ξx, ψy) is the probability of obtaining b by measuring N (ξx) and ψy. As no further assumptions are
made on the measurements, the SQSG is performed in the MDI scenario.
Theoretically, the channel N is non-EB if and only if the corresponding Choi state, defined as σN = id⊗N (Φ+),
is entangled [41], where Φ+ is the maximally entangled state. In the SQSG, for a specific non-EB channel N ,
quantum questions ξx and ψy, and payoff function ℘ (b, x, y) can be selected to construct an entanglement witness
(EW) −W for σN as
W =
∑
x,y
℘ (x, y) ξTx ⊗ ψTy , (A2)
where ℘ (b = 0, x, y) = ℘ (x, y) and ℘ (b = 1, x, y) = 0 has been assumed. The payoff value IN is then always less
than 0 for EB channels NEB [30].
In this experiment, we prepare quantum questions as the eigenstates of the Pauli matrices, i.e., ξx, ψy ∈
{|0〉Z , |1〉Z , |0〉X , |1〉X , |0〉Y , |1〉Y }. The payoff function is defined accordingly as
℘ (ξx, ψy) =

1
4 , (ξx, ψy) anti-correlated in X or Z;
− 14 , (ξx, ψy) correlated in X or Z;
− 12 , (ξx, ψy) correlated in Y ;
0, otherwise.
(A3)
Here, “anti-correlated” means (0, 1) or (1, 0) in the respective bases and “correlated” means (0, 0) or (1, 1) in the
respective bases. Thus, an entanglement witness in the form of
−W = I
2
−Ψ−, (A4)
is constructed, with Ψ− as the projector onto the singlet state, i.e., |Ψ−〉 = (|0〉Z |1〉Z − |1〉Z |0〉Z) /
√
2. When the
input states ξx and ψy are prepared perfectly, the inequality IN > 0 certifies a non-EB channel N .
2. The experimental bound
The EB channel NEB is in general a measure-and-prepare channel, i.e.,
NEB (ρ) =
∑
k
tr [Ekρ] γk,
where {Ek|Ek > 0,
∑
k Ek = I} is a set of POVMs and {γk} is a set of quantum states. In the SQSG, the average
payoff of NEB can then be bounded by
CEB = maxNEB
INEB = maxNEB
∑
x,y
℘ (x, y)PNEB (0|ξx, ψy)
= max
NEB ,M
∑
x,y
℘ (x, y) tr [NEB (ξx)⊗ ψyM ]
= max
Ek,Fk
∑
x,y,k
℘ (x, y) tr [Ekξx] tr [γk ⊗ ψyM ]
= max
Ek,Fk
tr
[
W
∑
k
ETk ⊗ F (k)T
]
,
(A5)
where M and F (k) = tr1 [γk ⊗ IM ] are POVMs acting on NEB (ξx) ⊗ ψy and ψy, respectively. When −W is an
EW and ξx and ψy are prepared perfectly, bound CEB is 0 as E
T
k ⊗ F (k)T are separable positive operators, i.e.,
tr
[
WETk ⊗ F (k)T
]
6 0 holds for all k. However, in realistic experiments, the quantum states are unavoidably
prepared with errors. In this case, denote the states prepared as ξ˜x and ψ˜y, respectively. Also,
∑
k E
T
k ⊗ F (k)T
can be bounded as
∑
k
ETk ⊗ F (k)T = d2
∑
k
tr
[
ETk
]
tr
[
F (k)
T
]
d2
ETk
tr
[
ETk
] ⊗ F (k)T
tr
[
F (k)
T
]
6 d2ωsep
(A6)
7where ωsep is a separable states. To see this, notice that∑
k
tr [Ek] tr [F (k)] = tr [NEB (I)⊗ IM ] 6 d2tr [NEB (ρmix)⊗ ρmixM ] 6 d2, (A7)
where ρmix = I/d is the maximally mixed state. Thus, the experimental bound can be calculated as
CexpEB = max
Ek,Fk
tr
[
W˜
∑
k
ETk ⊗ F (k)T
]
= d2 max
ωsep
tr
[
W˜ωsep
]
.
(A8)
Based on the assumption that the referee has full knowledge of the quantum questions, in the experiment, the
referee can use the state tomography to determine the density matrices of the prepared states (as shown in Sec. B4).
The experimental EB bound is numerically calculated as 0.0468, higher than the ideal bound of 0. Additionally,
by replacing the maximization in Eq. (A8) with that over all 2-qubit states, the maximal value of IN can be also
calculated, which is a value of 0.4506, a little lower than 0.5 of the ideal case.
3. Evaluation of single-photon detections
In this experiment, we apply the decoy-state method to the weak coherent pulses (WCP), which can efficiently
evaluate the single-photon detection events [33, 34, 42]. Generally, the quantum states of phase-randomized WCPs
can be written in the Fock basis as
ρα = e
−α
∞∑
n=0
αn
n!
|n〉 〈n| , (A9)
where α is the mean photon number per pulse and n is the photon number. When pulses ξx and ψy are prepared
with intensities αξ and αψ, respectively, the probability to obtain the result b of a jointly measurement can be
written as
Q
αξαψ
b,ξx,ψy
= e−αξ−αψ
∞∑
n,m=0
αnξα
m
ψ
n!m!
Y nmb,ξx,ψy . (A10)
In the experiment, Q
b,αξαψ
ξx,ψy
is the ratio of the number of detection events to the number of emitted pulse pairs in ξx
and ψy with mean photon numbers αξ and αψ, respectively. Consequently, Y
nm
b,ξx,ψy
is the conditional probability
of detection events b given that n-photon and m-photon pulses are emitted in ξx and ψy, respectively [40, 43].
The decoy-state method is applied when ξx and ψy are randomly prepared with different intensities. In this
experiment, three types of mean photon per pulse values, i.e., αξ, αψ ∈ {µ, ν, ω|µ > ν > ω = 0}, are used. Thus,
seven gains of Q
αξxαψy
ξx,ψy
with {αξαψ} ∈ {µµ, νν, µω, ωµ, νω, ων, ωω} can be obtained. We first consider J1 and J2
in the form of (ξx and ψy are omitted for simplicity),
J1 = Qννe
2ν +Qωω −Qνωeν −Qωνeν ,
J2 = Qµµe
2µ +Qωω −Qµωeµ −Qωµeµ,
(A11)
and then calculate the equation µ3J1 − ν3J2, where Y n,0, Y 0,m and Y 1,2, Y 2,1 can be canceled. We obtain
Y 11 =
µ3J1 − ν3J2
µ2ν2 (µ− ν)
− 1
µ2ν2 (µ− ν)
∑
n,m>2
µ3νn+m − ν3µn+m
n!m!
Y nm.
(A12)
Since Y n,m ∈ [0, 1] and µ > ν, the lower bound Y 1,1,L and upper bound Y 1,1,U can be written as
Y 11,L =
µ3J1 − ν3J2
µ2ν2 (µ− ν) ,
Y 11,U =Y 11,L − µ
3 (eν − 1− ν)2 − ν3 (eµ − 1− µ)2
µ2ν2 (µ− ν) ,
(A13)
8respectively. Finally, by replacing PN (b|ξx, ψy) with Y 1,1,L or Y 1,1,U accordingly, the lower bound of the payoff
value IN can be written as
IL =− 1
4
Y 11,U0Z0Z +
1
4
Y 11,L0Z1Z +
1
4
Y 11,L1Z0Z −
1
4
Y 11,U1Z1Z
− 1
4
Y 11,U0X0X +
1
4
Y 11,L0X1X +
1
4
Y 11,L1X0X −
1
4
Y 11,U1X1X
− 1
2
Y 11,U0Y 0Y −
1
2
Y 11,U1Y 1Y .
(A14)
Therefore, the observation of IL > C
exp
EB indicates that Abby wins the SQSG, and implies that the tested channelN is non-EB.
Appendix B: Experiment details
In this section, we introduce the basic techniques of the experiments, including feedback systems and the design
and implementation of the decoherence channel and noise channel. Also, the robustness of this approach against
variations of prepared states is explicitly studied according to quantum state tomography.
1. Feedback systems
We adopt feedback systems for phase, optical intensity, wavelength, and bias voltage to ensure the stability of
the entire system.
In order to obtain high interference visibility in the X and Y basis at the Bell-state measurement (BSM), a phase
reference needs to be established between the two state preparation modules, i.e., the phase difference between
the two asymmetric Mach-Zehnder interferometers (AMZI) should be 2pik, with k a positive integer. Pulses of
wavelength 1550.12 nm and frequency of 25 MHz are sent from DFB3 through the two AMZI in sequence, as shown
in Fig. 2 in the main text. Here, the pulses can be detected in three time-windows, where only that in the second
time window show interference. A gated InGaAs single-photon detector (SPD) is used to detected the interference
photons, and the 2pi phase drift of the AMZIs is measured to be ∼ 8 minutes. For the experiment, a real-time phase
feedback system is built. A fiber phase shifter is placed on the short arm of AMZI1 to maintain the interference
steady at destructive interference, i.e., the interference photons are monitored with the SPD to remain minimum
photon count. Thus, the phase reference between ξx and ψy is established.
For optimal BSM, firstly the arrival time of both ξx and ψy pulses are calibrated at the BSM site. Here, signals are
alternatively sent from DFB1 and DFB2 to the superconducting nanowire SPDs, where an arrival time difference is
calculated. By adjusting the pulse delays with a programmable delay chip, ξx and ψy pulses are precisely overlapped.
Secondly, the wavelengths of both ξx and ψy are required to be almost the same. Here, the temperature of DFB2 is
scanned, and the Hong-Ou-Mandel dip is measured. The temperature set to the value where minimum coincidence
count occurs, which is 55%. Thus the wavelengths are optimal. Thirdly, considering the fluctuations of the source
and bias voltages of IMs, the intensities of ξx and ψy pulses are calibrated every ∼ 600 seconds.
In addition, the clock reference for the entire system is established by sending synchronization laser pulses at
1570 nm of 500 kHz through a separate fiber to each of ξx and ψy state preparation modules. Then, they are
detected through a photodiode and the system repetition rate of 37.5 MHz is generated. With this configuration,
we optimized pulse modulation from the modulators such that fast real-time data acquisition is realized.
2. Realization of the decoherence channel through the Sagnac interferometer
As discussed in the maintext, the decoherence channel preserves populations of the state in the Z basis, while the
coherence between them, i.e., information of the relative phases, is suppressed. To realize such a channel, we design
the Sagnac interferometer (SI) with a phase modulator (PM) to randomly eliminate the first or second time-bin
when states in X and Y bases are prepared. Initially, four input states |0〉X , |1〉X , |0〉Y , |1〉Y are encoded in the
phase between first and second time-bins, written as |√α/2〉s|eiφ√α/2〉l with φ = 0, pi, pi/2, 3pi/2 for simplicity.
Here, s and l represent the short and long arm of the AMZI, respectively.
As shown in Fig. 2b of the main text, when entering the SI, ξx is firstly split into two paths a and b by the beam
splitter (BS), with path a a shorter arrival time to the PM than that of path b. Then, ξx is split into four pulses.
By exactly adjusting the length of paths a and b, we set the arrival time for the pulses of two paths in a difference
9of 13.3 ns. Now, the time-bins in the sequence of |√α/2〉sa, |eiφ
√
α/2〉la, |
√
α/2〉sb, |eiφ
√
α/2〉lb are modulated by the
PM, adding relative phases θsa, θ
l
a, θ
s
b , θ
l
b. Below we write the exact process for ξx to transmit through the SI,∣∣∣∣√α2
〉s ∣∣∣∣eiφ√α2
〉l
BS→
∣∣∣∣i√α2
〉s
a
∣∣∣∣ieiφ√α2
〉l
a
∣∣∣∣√α2
〉s
b
∣∣∣∣eiφ√α2
〉l
b
PM→
∣∣∣∣ieiθra√α2
〉s
a
∣∣∣∣iei(φ+θsa)√α2
〉l
a
∣∣∣∣eiθrb √α2
〉s
b
∣∣∣∣ei(φ+θsb)√α2
〉l
b
BS→
∣∣∣∣(eiθrb − eiθra) √α2√2
〉s
c
∣∣∣∣eiφ (eiθsb − eiθsa) √α2√2
〉l
c
∣∣∣∣i(eiθra + eiθrb) √α2√2
〉s
d
∣∣∣∣ieiφ (eiθsa + eiθsb) √α2√2
〉l
d
.
In the experiment, port d is used for the output to the BSM. By adjusting the modulation voltages on the PM
for θsa, θ
l
a, θ
s
b , θ
l
b, the channel can either model the identity channel or the fully decoherence channel. Precisely, the
identity channel is realized when the PM is turned off, i.e., adding phases 0, 0, 0, 0 in the same sequence. In this case,
the state remains the same and is output in port d. As for the fully decoherence channel, we randomly add phases
in the sequence 0, 0, 0, pi or 0, 0, pi, 0 with the same probability, such that the second or first time-bin is eliminated,
respectively. The output of port d is thus in the form of |√α/2〉s or |√α/2〉l (up to an overall phase), respectively.
By using an independent random number string to control the PM, the identity channel and fully decoherence
channel can be realized with probabilities 1 − γ and γ, respectively. In this manner, decoherence channel of the
form
Dγ(ρ) = (1− γ)ρ+ γ(|0〉〈0|Zρ00 + |1〉〈1|Zρ11), (B1)
can be constructed.
3. The noise channel
We design and realize the noise channel by combining photons of a continuous-wave (CW) source with the WCPs
of ξx into the untrusted measurement, as shown in Fig. 2c of the main text. The corresponding quantum channel
can be regarded as adding extra noise photons into each pulse of ξx. We adjust the intensity of the CW, such that
different strengths of noise can be modeled. Instead of theoretically analyzing the number of noise photons per
pulses, we study this channel from the experimental perspective. To describe the strength of noise, we use the ratio
of CW intensity to ξx pulse intensity per second, denoted by β.
To calculate the secure key rate, we suppose ξx and ψy are prepared by two distinct users, namely Alice and
Bob, and the BSM is performed by an untrusted third party Charlie in the usual measurement-device-independent
quantum key distribution scenario. For both Alice and Bob, pulses of Z basis with intensity µ are used for key
generation, and pulses of X basis are used for error estimation. The key rate for measurement-device-independent
quantum key distribution is calculated by [40],
R ≥ Q11Z,µµ(1−H(e11X ))−QµµZ fH(EµµZ ). (B2)
Here, f is the error correction inefficiency factor, and H(x) = −xlog2x − (1 − x)log2(1 − x) is the binary entropy
function. Q11Z,µµ, Q
µµ
Z , E
µµ
Z , and e
11
X are the single photon gain, the total gain, the quantum bit error rate in the
Z basis, and the quantum bit error rate in the X basis when ξx and ψy are both of single photons, respectively
[40]. The experimental key rates in Fig. 4 of the main text are obtained by taking the measured QµµZ and E
µµ
Z
into Eq. (B2). The theoretical key rate (dotted) line is obtained by simulating Eq. (B2) with our experimental
parameters, where noise photons from the CW are treated as dark counts [39]. Since here our aim is to show the
link between non-EB channels and quantum cryptography, the key rate results are not optimized. For higher key
rates, one can optimize the mean photon numbers and emission probabilities of the signal and decoy pulses [44], as
well as the number of decoys implemented [45].
4. Robustness against flawed state preparation
As discussed in Sec. A2, to avoid falsely witnessing non-EB channels, the experimental bound is determined by
the full knowledge of quantum questions. We achieve this by performing state tomography of ξ˜x and ψ˜y on the
referee’s side.
Specifically, we measured the density matrix of an arbitrary qubit state in the form of
ρ =
I + 〈X〉X + 〈Y 〉Y + 〈Z〉Z
2
, (B3)
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where X, Y , Z are the three Pauli matrices, and 〈X〉, 〈Y 〉, 〈Z〉 are expectation values when measuring the
corresponding Pauli matrices. In this experiment, 〈Z〉 of input states is evaluated by a time-bin intensity ratio
r, i.e., the ratio of the photon counts in the first time-bin window to that in the second. To obtain 〈X〉 for each
ξ˜x (equivalently, ψ˜y), the pulses of ξ˜x (ψ˜y) are sent through ψ˜y’s (ξ˜x’s) AMZI. Photon pulses can be detected at
both output ports of the final BS, where they are observed in three consecutive time windows using a gated SPD.
Interference is shown in the second time window, where the phase differs pi for two ports. By using the photon
counts of three time window in both BS outputs, values of 〈X〉 can be obtained. For the value of 〈Y 〉, we adjust
the phase shifter of AMZI1 (see Fig. 2a of the main text), such that two output ports of the final BS correspond to
the projection onto relative phases pi/2 and 3pi/2 [46].
The constructed density matrices of ξ˜x and ψ˜y are taking into Eq. (A8), where the experimental bound for all
EB channels are derived. Here, we show the tomography results in Fig. 5 and list fidelity [10] of our input states
in Table I.
TABLE I. Fidelity of input quantum states
Fidelity(%) |0〉 |1〉 |+〉 |−〉 |R〉 |L〉
ξ˜x 99.7 99.2 98.4 96.9 97.7 93.6
ψ˜y 99.5 99.1 99.3 95.7 98.6 94.3
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FIG. 5. The tomography results of quantum states used in this experiment. In each figure, four blue bars represent the real
part of four entries in the density matrix, while the red bars represent the imaginary part. Based on this description of the
quantum states, the referee can determine the bound CEB of all EB channels in the SQSG.
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